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Abstract

A direct numerical simulation method is developed for 3D particle motion in liquid film evaporation. The liquid-gas and fluid-solid in-
terfaces are tracked by a sharp-interface Level-set (LS) method, which includes the effects of evaporation, contact line and solid particles.
The LS method is validated through simulation of the interaction between two particles falling in a single-phase fluid. The LS based DNS
method is applied to computation of the particle motion in liquid film evaporation to investigate the particle-interface and particle-particle

interactions.
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1. Introduction

The particle motion in an evaporating liquid film is very
important in fabrication of particulate microstructures [1]. Its
predictive models were developed in several studies using the
particle concentration [2-5], but the models have a limitation
in analysis of the interaction between a particle and a fluid, a
liquid-gas interface and other particles. Recently, Direct nu-
merical simulation (DNS) methods were proposed for the
particle interactions.

Glowinski et al. [6], Sharma and Patankar [7], and Apte et
al. [8] performed DNS of particle-fluid and particle-particle
interactions in a single-phase fluid employing a Fictitious
domain (FD) method, where the particles were treated as the
surrounding fluid region.

Mirzaii and Passandideh-Fard [9] combined the FD method
and the Volume-of-fluid (VOF) method to investigate the
particle-particle and particle-interface interactions. They as-
sumed the particles as high-viscosity fluid and used a Piece-
wise linear interface calculation (PLIC) algorithm for recon-
structing the interface. The PLIC VOF method is much com-
plicated to implement in the region including three phases of
liquid, gas and solid.

Fujita et al. [10] coupled an Immersed boundary (IB) meth-
od for a solid particle to a diffuse-interface Level-set (LS)
method for a liquid-gas interface to compute the particle inter-
actions in liquid evaporation. They assumed the vaporization

rate constant instead of obtaining it from the conservation
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equations of energy and vapor concentration. Subsequently,
Hwang and Son [11] applied a sharp-interface LS method to
DNS of particle motion in microdroplet evaporation introduc-
ing two LS functions for the liquid-gas and fluid-solid inter-
faces.

In this study, we further extend the LS method to compute
3D particle motion in an evaporating liquid film and investi-
gate the associated particle-interface and particle-particle in-
teractions.

2. Numerical analysis

We employ the LS method developed in our previous stud-
ies [11-13] for droplet evaporation and particle motion. The
gas is assumed as an ideal mixture of air and vapor whereas
the liquid as a pure substance.

The liquid-gas interface is represented by the LS function
¢ , which is determined to be a signed distance from the inter-
face: ¢ <0 for gas phase and ¢ >0 for liquid phase. The
fluid-solid interface of an immersed solid particle is tracked by
another LS function y , which is calculated as a signed dis-
tance from the fluid-solid interface: w <0 for solid phase
and w >0 for fluid phase. A typical example of the LS con-
tours for the case where a particle is partly immersed is plotted
in Fig. 1.

In this work, assuming solid spheres as particles, y is ex-
pressed as

w(x,0) = |x—xp(t)| ~d, /2 (1)

where x, is the position vector of particle centroid and d,
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Fig. 1. A typical example of level-set (@, ) contours for the case
where a particle is partly immersed. The blue and red lines denote ¢
and y contours, respectively.

is the diameter of particles.

Assuming the solid domain is occupied by a high-viscosity
non-evaporating fluid, the conservation equations of mass,
momentum and energy for the liquid and gas phases and va-
por mass fraction (Y,) for the gas phase can be written as
[11-13]

V-u=q,pfmn-Va, (@)
. Ou L, N 3
pgz—[Vp+aw(o7<—ﬂm Wa, 1+ V- aVu+f 3)

(,%)Z-f:—(;c)u/-vnv-iw ifg+0 or w<0 (4)

T=T, if¢g=0and v >0 5)
%z—ug-V){,+V~l§\,V)’v ifg<0and >0 ©6)
Y=Y, ifg=0and >0 @)
where
ﬂ:pgil_plil
a,=1 if $>0
a,=0 if $<0

a,=1if y>0

a,=0if y<0

n=Vg/|Vg|

k=V-'n

p=lp,(0=F)+pF]F, +p,(-F,)

A= (A=F)+ ' FF, + p (1= F,)

(pc) =[(pc),(1-ay) +(po),a,la, +(pc),(1-a,)

A =[20-a)A-F)+ A a,F,JF, + A (1-F,)
D'=D'(1-F,)

f=—pu, -Vu +pg+V-a(Vu, - fimVa,) . ®)

Here, the subscript f'denotes the gas phase (g) for ¢ <0and
the liquid phase (/) for ¢ >0. The effective properties o,
i, A and lA)\, are interpolated by using a fraction function
F, [13]. The temperature T7,, the vapor fraction Y, and the
evaporation mass flux m at the interface (¢ =0) are simul-
taneously calculated from the following mass and energy bal-
ances and the thermodynamic relation

L pDOYY, _n-[(AVT),, - (AVT),,)
=Y., h
M.p,.(T)

Y, = : (10)
M.p, T+ M [P~ P (T)]

©
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The LS function including ¢=0 for the interface is ad-
vanced as

%z—U»V¢ ify>0 1
ot
9 cosd,—n Vg ify<0 (12)

or

where the interface velocity U and the unit normal vector is
n, pointing into the solid domain are expressed as

U=u,+mn/ p, (13)
n =-Vy/ |V (,//l . (14)

The contact angle condition specified at contact line is im-
plemented in the entire solid domain by using Eq. (12), which
18 iteratively solved as

m+l _ gm
u:cosgd -n, V¢’"
T

if w<0. (15)

Here, the superscript m denotes the iteration step. The LS
function is reinitialized as

o___ ¢ -
or e

where /4 is a grid spacing.
To impose the rigid body motion, the velocity inside the
solid domain is modified as

if |g[=n/2 (16)

u=u,+®, x(x-x,) 17)

where u, and ©, of the particle centroid are determined
from the following conservation condition of the linear and
angular momenta in each particle domain [7],

1
u, =7Ju v, (18)

P



H. Hwang and G. Son / Journal of Mechanical Science and Technology 30 (9) (2016) 3929~3934 3931

P
=L - dv 19
®, Ip J(x xp)xu f (19)

where V, is the particle volume and /, is the moment of
inertia of the particle.

To treat particle-particle collision, a special numerical
treatment reported by Diaz-Goano et al. [14] is used so that
the particle should not overlap the other particle.

3. Results and discussion

3.1 Two-particle sedimentation a non-evaporating fluid

The LS formulation including the effect of particle-particle
interaction is tested through a 3D computation of two parti-
cles falling in a single-phase fluid under gravity, whose nu-
merical result was presented by Apte et al. [8]. The computa-
tional domain is chosen as a rectangular region of
0<x,z<lcm and 0<y<4cm including the two spheri-
cal particles whose centers are initially positioned at
x, =(0.5,3.5,0.5) cm and x, =(0.5,3.16,0.5) cm. No-slip wall
condition is imposed at the boundaries. We use the following
properties of fluid and particle: p,=10"kg/m’, u =
107 Pas, p =1.14x10"kg/m’, ¢=98m/s’ and d, =
(1/6) cm. In the LS formulation, the solid region is treated as
a high viscosity non-evaporating fluid of x =10’y . The
particles and fluid are initially stationary. The computation is
conducted with a mesh size of 4 =(1/64) cm and a time step
of Ar=0.5ms. The numerical results for the particle-
particle interaction are plotted in Figs. 2 and 3. As the particle
velocities increase with gravity, vortex flows are induced
around the particles and the upper particle falls faster in the
wake region created by the lower particle. This results in a
decrease in the distance between the two particles. The present
prediction of the particle sedimentation positions and veloci-
ties in the vertical direction shows a good agreement with the
numerical results of Apte et al. [8].

3.2 Particle motion in an evaporating liquid film

The LS method is applied to DNS of particle motion in an
evaporating liquid film. The computational domain is chosen

as a rectangular region of |x,z|<3.2um and 0<y<6.4um.

We use the slip condition at |z |=3.2 um, the open boundary
condition at y =6.4um and the no-slip condition at the side
and bottom walls (x =[3.2| um and y = 0)

u=0,7=T, %=O, %=icos9w, at x=432um (20)
ox ox ’
o, 0, %:—cosé’hw at y=0 21)

u=0,7=T, =
oy

where the contact angle 6, formed on the contact line can
vary dynamically between 6, and 6., which was described
in Refs. [12, 13, 15, 16].

We choose the following water and air properties:
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Fig. 2. 3D numerical results of two-particle sedimentation in a non-
evaporating fluid.
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Fig. 3. 3D numerical results for two-particle sedimentation in a non-

evaporating fluid: (a) Particle positions; (b) particle velocities in the
vertical direction.

P, =997kg/m’, p, =1.18 kg/m’, p, =997 kg /m’,

¢, =4.18x107 I/ kgK, ¢, =1.01x107 J / kgK, ¢, =318 J / kgK,
4, =8.91x107 Pas, u, =1.85x10° Pas, D, =2.6x10° m* /s,
4,=0.595 W/mK, 4, =2.55x107 W/mK, 2 =31 W/ mK,
0=72x10"N/m and 6, =30°.

The saturated-vapor pressure is evaluated as a function of
temperature from the steam table [17].

We use the wall temperature as 7, = 80°C, the initial tem-
perature as T = 25°C, the vapor concentration at the open
boundary as Y, =0, the particle diameter as d, =1um , the
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Fig. 4. Particle motion in liquid film evaporation with 6, =90°and

initial particle locations of (£2.4,3.5,£1.6)um and (£1.2,0.8,
+1.6) um.

initial liquid film height as y =5um, the advancing contact
angle as 6, =90°, the receding contact angle at the side wall
as 6, =90°0r60°, and the receding contact angle at the
bottom wall as 6, . =30° . Calculations are carried out with a
uniform mesh of 4#=02gm and a time step of Ar=
5x107 us .

Fig. 4 shows the particle motion with a contact angle of
6., =90° at the side walls and initial particle locations of
(£2.4,3.5,+1.6) um and (£1.2,0.8,+1.6) um. The liquid-gas
interface moves down as the liquid volume decreases with
evaporation while the upper particles touch the side walls, as
seen at t = 0.3 ms. Thereafter, the contact line near the touched
upper particles is stuck on the side walls and then slips as the
other part of contact line keeps moving down. This behavior
of interface and upper particle induces a circulated flow in the
liquid pool and causes the initially lower particles to rise up
slightly and then to be deposited on the side walls.

When the side wall contact angle is reduced to 6, = 60",
the particle behavior is plotted in Fig. 5. As the liquid-gas
interface is further deformed to have a concave shape with the

T

- [i] - \- -
1 Ao
iy X (m)

Fig. 5. Particle motion in liquid film evaporation with &, =60° and
initial particle locations of (£2.4,3.5,£1.6)um and (£1.2,0.8,
£1.6) um.

decreased contact angle, the circulated flow becomes stronger
and the lower particles are pushed down and then deposited on
the bottom wall, as seen as t = 2.1 ms, but the upper particle
deposition on the side walls occurs in the same way with the
previous case of 6 =90". This indicates that the deposition
pattern of the lower particles is affected by the contact angle at
the side walls.

The effect of side wall receding angle 6,,, on the motion
of lower particles is further investigated through the
computations without the upper particles, as presented in Fig. 6.
In the case of 6, =90°, the lower particles rise up and then
touch the side walls, as seen in Fig. 4 including the upper parti-
cles. When 6, is decreased to 60°and the circulated flow
becomes stronger, the lower particles move to the center line
and then are pushed down to the bottom wall, as observed in
Fig. 5 with the upper particles. This means that the motion of
the lower particles is not sensitive to the upper particle motion
as long as the upper particles are located near the side wall.

Fig. 7 shows the particle motion with 6, = 60° when the

upper particles are at (£1.2,3.5,+1.6) um near the central
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Fig. 6. Effect of side wall receding angle of @ on the motion of

lower particles at (£1.2,0.8,+1.6)um without iﬁcluding the upper
particles: (a) 6,,, =90°;(b) 6, =60°.

W

region. As the interface is deformed with evaporation, the
upper particles move to the mid plane and then downwards
with the interface. The circulated flow along with the upper
particle pushes the lower particles outwards to the side wall, as
seen at t = 0.9 ms. While the upper particles touch on the bot-
tom wall, the lower particles are deposited on the side walls
unlike the previous cases depicted in Figs. 5 and 6(b) where
the upper particles are initially located near the side wall.

4. Conclusions

A Direct numerical simulation (DNS) method for the parti-
cle-fluid and particle-particle interactions was developed by
introducing a Level-set (LS) function for tracking the solid
region, which was treated as a high-viscosity fluid phase. The
DNS method was validated through the 3D computation of
two particles falling in a single-phase fluid whose numerical
result was reported in the literature. The DNS method was
extended for 3D particle motion in liquid film evaporation
using two LS functions for tracking the liquid-gas and fluid-

X (um)

Fig. 7. Particle motion in liquid film evaporation with 6, . =60° and
initial particle locations of (£1.2,3.5,£1.6)um and (£1.2,0.8,
+1.6) um.

solid and interfaces. The DNS method was demonstrated to be
applicable to investigate the particle-interface and particle-
particle interactions in liquid evaporation.

Nomenclature

: Specific heat

: Particle diameter

: Diffusion coefficient of vapor in air
: Fraction function

: Gravity

: Grid spacing

: Latent heat of vaporization

SO
-~

SEREES

: Moment of inertia of a particle

: Mass flux across the liquid-gas interface
: Molecular mass

: Unit normal vector

: Pressure

: Time

: Temperature

N TS ST
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u : Fluid velocity vector (&, v, w)
U : Interface velocity vector

14 : Volume

: Cartesian coordinates

X : Position vector (x, y, z)

Y, : Vapor mass fraction

Greek symbols

: Step function

: Advancing contact angle

: Receding contact angle

: Contact angle on a solid particle

: Interface curvature

: Thermal conductivity

: Dynamic viscosity

: Density

: Surface tension coefficient

. Artificial time

: Distance function from the liquid-gas interface
: Distance function from the fluid-solid interface

R ST o9V " A DBBNR

: Angular velocity

Subscripts

a T Air

bw : Bottom wall
f : Fluid

g : Gas

1 : Interface

/ : Liquid

P : Particle or particle centroid
s : Solid

sat : Saturation
sw : Side wall

% : Vapor

o0 : Ambient
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